Direct numerical simulations (DNS) of an oppositioncontrolled turbulent Taylor-Couette (TC) flow is performed. Opposition control is then applied. Significant drag reduction is achieved by opposition control and the skin friction drag is decreased up to 31% with the wall-normal control. Strong modifications of the turbulence statistics in the near-wall region are observed. The streamwise velocity fluctuation is greatly reduced and shows a more symmetric profile. The origin of the boundary layers seems to undergo a displacement toward the middle of the flow. Besides, the visualization of the coherent flow structures shows a significant reduction of their number when the control is applied. In a further step, the combination of wall-normal and spanwise control, as well as the influence of the gain on the input response are investigated. The efficiency of this control strategy is then compared with the opposition control.
INTRODUCTION
The Taylor-Couette flow (TC flow) has been studied by Taylor [1] himself who focused on the stability of the flow and by Andereck et al. [2] and has been extensively studied more recently due to its utmost interest in many engineering applications. Indeed, TC flow can be found in hard disk drive, chemical reactors, cooling of rotating electrical machinery, turbines, etc... Thus, it can be interesting to develop control strategy to modify the characteristics of the flow in order to obtain for instance better mixing or reduced drag, which results in better performance and attenuated impact on the environment.
Since the pioneering work of Choi et al. [3] , where they used what it is called the opposition control in a channel flow, several investigators have recently developed systematic approaches for controller design using both linear and no linear control theories [4] or used neural network based on suboptimal control theory [5] . Besides the recent progress in the field of micro-electro-mechanical systems (MEMS) flow sensors/actuators [6] allows or will soon allow researchers to verify experimentally the results obtained by computational simulation. For reviews of the recent developments of flow control, the reader is referred to Choi [7] . However the first DNS of a fully turbulent TC flow has only been recently realized by Pirrò and Quadrio [8] and Dong [9] in 2007. Thus, the numerical study of active turbulence control in TC flow is quite new. The present study focuses on the reduction of the skin friction drag using feedback control on a TC flow configuration where the outer cylinder is fixed; such configuration can be found in the field of turbines.
(1)
The size of the computational domain is also as close as possible as their computational case. Assuming that the TaylorCouette flow is periodical in the streamwise direction, the azimuthal extension of the domain is equal to at the centerline. Besides experimental results have shown that the periodical structure in the axial direction have wavelength of , a value which is not sensitive to the Reynolds number. Therefore, the extension of the domain is the axial direction is . The computation is carried out with 128 × 512 × 128 grid points respectively in directions. Pirrò and Quadrio [8] use a slightly finer grid in the axial direction with 170 points, but in order to reduce the computational time, only 128 points were used here. With these parameters, the discretization parameters are similar except in the axial direction. However a computation with a mesh of axial expansion with 256 points was carried out for the no-control case only and the statistics obtained did not differ. The spatial discretization parameters are summarized in Table 1 .
Governing equations
The DNS code used in this study is the same as Fukagata and Kasagi code for pipe flow [10] in which the boundary conditions and the generation of the mesh have been modified. Therefore the governing equations are the following:
where
Boundary conditions
The boundary conditions in the no-control case are set so that the flow is periodic in the axial and azimuthal directions and the no-slip boundary condition is applied at the walls.
When active turbulence control is applied the boundary conditions are functions of time and space that depends on the information inside the domain. Details concerning these boundary conditions are discussed later.
Numerical scheme
The spatial discretization scheme employed in the code is the energy-conservative second order accurate finite difference method on a staggered grid using cylindrical coordinates [10] . The temporal integration is made by using the third order accurate Runge-Kutta scheme for the advection term and the Crank-Nicolson for the diffusion term. The time step is chosen to be the same as Pirrò and Quadrio [8] , so , where the superscript * denotes dimensional value. The CFL number is about 0.15, 0.21 and 0.077 in the radial, azimuthal and axial directions, respectively when the statistically steady state is obtained.
NUMERICAL PROCEDURE
The main global parameter taken into account to follow the evolution of the flow is the friction Reynolds number. It directly depends on the shear-stress , which gives us an information on the skin friction drag. Indeed, 
where is the friction velocity: . The shear-stress is computed by the following way: and indicates the average over the axial and azimuthal directions at the inner or outer wall. The time trace of is presented in Fig. 2 . The interval plotted goes from 50 to 262.5 time units ( ). The average value of the friction Reynolds number over the last 37.5 time units yields to and . These values are higher than the one computed by Pirrò and Quadrio [8] who had respectively 189.3 and 167.7, but the condition on the ratio of the Reynolds friction number is still verified within less than 0.2% of error. To check if the flow is fully turbulent, the stress balance derived from the Navier-Stokes equation, i.e., is examined. Here, the superscript * denotes dimensional value.
After multiplying by , integration from to and nondimensionalization using as a reference length and as reference velocity it yields Figure 3 shows the balance of the forces in turbulent TC flow, of which different components are the terms of Eq. (5). The plotted data are displayed after 262.5 time units using the statistics accumulated during the last 37.5 time units. We can see that the sum of these four terms is almost equal to 1. The analysis of the different terms points out that the viscous forces are only significant near the wall as in the case of the channel flow [11] (C term), and the shear stress (A term) is dominating in the central region of the flow. D term is negligible all along the gap, and C term increases closer to the outer wall. However the maximum contribution of this term is less than 11% of the total force.
After this verification, basic turbulence statistics were computed and compared with those of Pirrò and Quadrio [8] . 
FIGURE 2. EVOLUTION OF REYNOLDS FRICTION NUMBER AT BOTH WALLS
The mean velocity profiles of the two computations (see Fig. 4 ) are in very good agreement. Our result shows a slightly higher value in the center of the computational domain. It is then plotted in wall units as a function of in semi-logarithmic form in Fig. 5 . The friction Reynolds numbers relative to each wall are used to plot these data in wall units. Besides, the DNS data are plotted together with the law of the wall. For the profiles of both computations follow exactly the linear law (i.e.
). However, for the logarithmic law, with and verified in channel flow, does not hold. For , Pirrò and Quadrio's data [8] take higher values. This can probably be explained by the difference in the computed value of the friction Reynolds numbers. Figure 6 shows the variance of the velocities fluctuations across the gap. Once again, the shapes of the three curves are in close agreement. Our results confirm that the streamwise fluctuation has the strongest asymmetric profile, and that the turbulence activity near the outer wall is higher than the one the inner wall contrary to the results found by Dong [9] but for a different configuration ( ). One can notice that the three velocity fluctuations computed take somewhat higher value then Pirrò and Quadrio's [8] results. The relative differences between the curves are compiled in Table 2 .
Despite the differences between the data and how the two computations were performed for some parameters, the computed statistics are in very good agreement with those of Pirrò and Quadrio [8] . The results shown above allow us to conclude that Fukagata and Kasagi's [10] pipe flow DNS code has been correctly adapted to the Taylor-Couette flow. It is now legitimate to add a control strategy in order to modify the characteristics of the flow.
FEEDBACK CONTROL: CONTROL STRATEGY AND RESULTS
As mentioned in the introduction, the present study employs feedback control in order to reduce skin friction drag.
Control strategy
In a noteworthy paper, Choi et al. [3] applied different turbulence control strategies for the channel flow case. Their idea was to control the flow by imposing at the wall velocities different from the no-slip condition so that the strength of streamwise vortices, which are associated with the Reynoldsstress producing events, is reduced. To determine the input velocities, one needs sensors in the flow fields at a certain distance of the wall as shown in Fig. 7 . Control with wall-normal velocity (v−control) consists of applying blowing and suction on the walls exactly opposite to the radial component of the velocity at the distance from the wall. In other words the boundary conditions at the wall are set as the following: and . Therefore when the fluid is moving toward the wall at , blowing velocity is set at the wall so that the sweep event is suppressed. In the same way, when an ejection event is detected at , an equal suction is applied at the wall. A variant of wall-normal control is to apply blowing and suction only on strong events. One just need to set a threshold value from which the control is applied, otherwise the no-slip condition stands. Another one consists in the control of a selective bandwidth of the streamwise and spanwise wavelength.
Similarly to control with wall-normal velocity (w−control), control with spanwise velocity consists of setting at the wall the opposite of the spanwise velocity detected at . Regarding the combined control (v− and w−control), the out-of-phase boundary condition is applied to both and at the wall. With this last strategy Choi et al. [3] obtained in some cases (depending on the initial field) the relaminarization of the flow.
Turbulence statistics of the manipulated TC flow
Reynolds shear stress: wall-normal control. Several computations were performed for different values of ranging from to (defined using the wallshear velocity of each wall computed in the no-control case). Note that the value of for each wall can be different. However Choi et al. [3] showed that there is no correlation between the behavior of the flow near each wall in the case of the channel flow. Therefore there is no need to compute the flow for each couple of value of . Hence for practical reason, the value of has been set at the same value for the inner and outer wall. Figure 8a) shows the time history of the friction Reynolds number at the inner wall for v−control. The vertical black line at indicates the beginning of the control. For v−control, skin friction reduction is achieved for . The amount of reduction is small for and is getting larger while increases. The greater reduction is obtained for (around 31% at the inner wall and 28% at the outer wall). As in the case of plane channel flow [3] , it seems that there is a critical value for which the flow becomes unstable and the skin friction increases. In Fig. 8a ), for the case , a reduction of the skin friction is observed during the first instant after the application of the control and then it dramatically increases and eventually gets higher than the no-control case (almost 20% at the inner wall). The case does not produce a stable value of which could suggest that it is the critical value for which the flow becomes unstable. To understand this phenomenon, Fig. 9 shows the shear stress at the wall, whose contribution to the skin friction in wall bounded flow has been underlined by Fukagata et al. [12] . The results presented here tends to prove that, when the opposition control is effective (i.e. for ), the origin of the classic shear-stress profile is move away from the wall, since there is a region (ranging from to 8 depending on the control) where the shear stress is almost equal to 0. And then further from the wall, the well-known profile of the wall shear stress takes place, but attenuated compared to the nocontrol case. For the region near the wall, a bump occurs when control is applied. But its positive contribution to the skin friction is then compensated by the lower value of the shear stress throughout the gap. For higher values of , on the one hand, the bump near the wall is much bigger, and the second hand, there is no region where the shear stress is almost equal to zero. Furthermore, for in the middle of the gap the shear stress is even bigger than for the one of the no-control case.
Reynolds shear stress: spanwise control. Figure  8b) shows the time history of the friction Reynolds number for w−control and similar remarks can be done. Nevertheless, the greater reduction of skin friction is obtained for sensors much closer to the wall at . Besides, w−control seems less effective than the v−control since only 20.2% and 21.5% drag reduction, respectively, at the inner and outer wall were obtained. This was the contrary for the computation of Choi et al. [3] on the channel flow case. All the different configurations tested with their results for both inner and outer wall are summarized in Table 3 .
Velocity profiles. The mean azimuthal velocity profile of the configuration that provided the best results for each control strategy are plotted on the same graph alongside the nocontrol case in Fig. 10 . The shape of the velocity profile is unchanged when the control is applied. However, one can remark that near the inner and outer walls, the azimuthal velocity respectively decreases and increases more slowly with control, especially with v−control. This is in accordance with the fact that the best skin friction is achieved with v−control since it is directly related to the gradient of the mean azimuthal velocity at the wall. Besides with v−control, the velocity is a little bit lower in the center of the gap than the no-control case, while it is exactly identical with w−control. Figures 11, 12 and 13 show respectively the variance of the streamwise, of the wall-normal and spanwise velocity fluctuations.
The streamwise fluctuations are much more reduced with v−control than w−control: −42.3% and −53.5% at the peaks near inner and outer walls for v−control versus −29.5% and −32.8% for w−control compared to the no-control case. While the shape of the plot for w−control is not affected, i.e. it seems like a homothetic transformation of the no-control case, the variance of the streamwise velocity fluctuation adopts an odd behavior near both walls. Indeed, it increases a little near the wall, then observes a plateau in a very narrow region before increasing again. The variance of the wall-normal velocity with v−control is staying close to 0 in the near wall region, but then takes almost the same value than the no-control case, while with w−control the variance takes value inferior to almost 20% in the center of the gap. As regards to the variance of the spanwise velocity, v−control has an effect only on the outer peak which takes a higher value (around 8%) but the behavior is identical for the inner peak, at both walls and in the center of the gap. On the contrary, w−control significantly reduces the fluctuation at the peaks (nearly 17%). Moreover, the first points near both walls take really higher values because of the boundary conditions that is applied.
Flow structures. Finally, the last comparison between nocontrol and controlled flow is the modification of the structures of the flow. Primarily, the visualization of the vortex cores, using the criterion on a snapshot of the instantaneous flow field (Fig. 14) was used. is the second invariant of the deformation rate tensor. The number of vortices is clearly reduced with v−control compared to the no-control case. This means that the control has a stabilizer effect on the flow besides the reduction of the skin friction. Secondarily, the modification of the velocity field at the detection planes has been observed. On the no-control case, at a fixed distance from the wall the streamwise velocity follow a pattern of low and high speed regions as shown in Fig.15a) . In order to confirm that this pattern was not due to the low extension of the domain in the axial direction, another computation was conducted with an axial expansion of . The same herringbone-like streaks pattern was observed with two regions of high velocity and two regions of low velocity (results not shown in this paper). Dong [12] in his simulation of a Taylor-Couette flow with a radius ratio and an aspect ratio much bigger had also obtained the same pattern. Figure 15b) shows the streamwise velocity at the same detection plan when the control is applied. The control does not suppress the herringbone-like pattern, however the strength is attenuated. Indeed, the high speed streaks do not have as high speed velocity as the nocontrol case and the velocity in the low speed region is increased. This is in accordance with the diminution of the variance of the streamwise velocity near the wall. This results in an increase of the average streamwise velocity at equal: when control is applied while it's only in the no control case, and therefore a diminution of the skin friction.
Combined opposition control. The efficiency of combine v-control and w-control was investigated in the same way. As one could intuitively deduce from the previous results, the greatest drag reduction was obtained for a value of between the values of for the optimum of drag reduction obtained in the case of v-control and w-control at . However, contrary to Choi et al. who achieved the relaminarization of the flow in some case, the drag reduction obtained is not even better than the best case obtained so far (i.e. v-control at ), as and . Since taken individually each opposition control are not operating at with their optimum value for , another computation was carried out with two different detection planes at and . However, the results obtained were poorer than with only one detection plane at since and were obtained.
Proportional gain. So far, the opposition control tested always used a unity gain (out-of-phase input). Therefore, the effect of the gain on the input response has been investigated. Only v-control with a detection plane at was tested to see if a better skin friction reduction could be achieved. The different gained tested were 0.5, 0.8, 1.2, 1.5 and 2. All computations carried out with a gain superior at the unity diverged. Concerning the other cases, the reductions of the friction drag were slightly poorer than with a unity gain.
SUMMARY AND CONCLUSION
A DNS of the Taylor-Couette flow has been performed and confirmed the results of previous DNS by Pirrò and Quadrio [8] . Active control strategies were explored in order to achieve skin friction reduction. Wall-normal control (v−control) and spanwise control (w−control) were investigated aiming to reduce the skin friction. In the case of v−control the radial velocity at the wall is set to be the exact opposite of the radial velocity at a distance fixed from the wall. The idea is the same for w−control except that is uses the spanwise velocity. The optimum of reduction was achieved with v−control for . In general, an effective control has not only an effect Copyright © 2011 by JSME on the boundary layer, since the fluctuation of the streamwise velocity are drastically reduced near the wall, but also throughout the channel since the shear stress is reduced. The control has also a stabilizer effect on the turbulent structures of the flow. The vortex are much less numerous than in the no-control case and the herringbone-like pattern of the streamwise velocity is less marked.
